Analysis of HLA-associated susceptibility to insulindependent diabetes mellitus (IDDM) has largely focused on identifying the susceptibility gene. Adherents of a countertrend have long suggested the importance of analysis of HLA haplotypes (combinations of alleles on 1 chromosome) rather than individual genes. Accumulating data suggest that the relationship between IDDM susceptibility and HLA is much more complex than a single susceptibility gene. Consideration of this question should include the possibilities that 1) more than one HLA gene is involved in determining susceptibility or resistance; 2) different alleles of the same gene may be associated with different pathogenetic mechanisms; and 3) different susceptibility-associated haplotypes, even if they share an allele at an IDDM-relevant locus, may behave differently in IDDM. A better understanding of the genetics, and perhaps the pathogenesis, of IDDM may be obtained by following up the clues offered by analysis of the association of HLA haplotypes (rather than individual alleles) with one another, with clinical features of IDDM, and with possible non-HLA-linked susceptibility factors. Diabetes 37: [1005][1006][1007][1008] 1988 he HLA complex is the only well-documented genetic marker for susceptibility that has been defined I in human insulin-dependent diabetes mellitus (IDDM). HLA molecules play a role in the recognition of antigen by T-lymphocytes and therefore in imminoregulatory processes. The hypothesis that HLA-associated susceptibility to lDDM involves the HLA antigens and their immunoregulatory functions is thus an appealing one, and the associations of IDDM with HLA have been extensively studied.
The extent to which these studies have contributed to the understanding of the etiology and pathogenesis of IDDM is, however, limited. The study of immunologic processes in IDDM has been restricted by lack of knowledge about the antigens recognized by T-lymphocytes, which are generally believed to be an essential part of the autoimmune process in IDDM. I argue, however, that the focus on the HLA-associated susceptibility gene has resulted in loss of potentially important information and that studying associations of HLA haplotypes with susceptibility will add significantly to the understanding of both the genetics and the etiology of the disease.
Data discussed herein suggest that more than one HLA gene may be involved in susceptibility to IDDM, and in this case, significant susceptibility may be associated with particular haplotypes. Interactions between susceptibility factors on different haplotypes may be important. If different haplotypes are associated with susceptibility through different pathogenetic mechanisms, haplotype analysis may also be useful in defining heterogeneity of the disease.
I do not intend to provide a complete review of HLA and IDDM, and the literature cited is selective. I use the HLA terminology that has become somewhat familiar in the broader scientific community rather than the recent changes based on the results of the 10th International Histocompatibility Workshop (World Health Org.). In Fig. 1 , however, the newly assigned terminology is used for the individual HLA class II genes because of the lack of uniformity of the terminology currently used by different authors.
HLA COMPLEX
The HLA complex has been reviewed repeatedly and will not be dealt with in detail here; a simplified view is given in Fig. 1 . There is potential for additive and synergistic interactions of many different genes as well as room for unidentified genes. In addition, the system is highly polymorphic (each locus has many different forms).
For this discussion, certain genetic terms are important. A gene is a locus or portion of genetic material that codes for a particular product (polypeptide chain). An allele is one of the variant forms of a polymorphic locus; e.g., DR1, DR2, and DR3 are alleles of DR. An HLA haplotype is a particular combination of two or more alleles on one chromosome (e.g., A1 -B8-DR3).
ASSOCIATION OF IDDM SUSCEPTIBILITY AND HLA
In family studies, a susceptibility factor for IDDM is closely linked to HLA; in population studies, there are strong associations between susceptibility and specific alleles of HLA genes. Certain HLA class II alleles appear to be more strongly associated with IDDM than any class I alleles, suggesting that the former are either susceptibility genes themselves or that the susceptibility genes are more closely linked to the class II than the class I genes (as is also indicated by study of intra-HLA recombination and IDDM susceptibility in families). It is unknown whether the class II genes or other unknown genes are the "real" HLA-associated susceptibility genes for IDDM. I therefore refer to the IDDM-associated HLA alleles as susceptibility or nonsusceptibility markers, using this term to cover both possibilities.
Assoclation of IDDM susceptiblllty with single HLA genes. The associations of HLA and IDDM are defined by comparing the frequencies of various alleles in nondiabetic control and diabetic individuals; positively associated alleles are more frequent in diabetic patients, negatively associated alleles less frequent. The first identified associations of HLA with IDDM susceptibility were positive with the class I alleles 88 and 815 and negative with 87. With the definition of the class II specificities, stronger positive associations with DR3 and DR4 and negative associations with DR2, DR5, and DR7 were demonstrated in numerous studies; weaker positive associations with DRI and possibly with DRw8 have been suggested (1 ) . Recent data suggest that the primary association may be with DQ rather than DR. DR4 is usually associated with the DQw3 specificity; DQw3 has been subdivided, and the DR4-DQw3.2 (DR4-DQR4) subset may be associated with susceptibility to IDDM, whereas the DR4-DQw3.1 (DR4-DQR5) subset is associated with nonsusceptibility (2,3). The DRI and DR2-MN2(AZH) haplotypes, which appear to be secondary-susceptibility haplotypes for IDDM, both carry the DQwl .l subtype of the DQwl specificity, which is different from the DQwl.2 subtype found on the strong resistance haplotype DR2-Dw2 (43). A recent analysis of sequence data (6) has suggested that position 57 of the DQp-chain may be an important factor in determining resistance to IDDM, because haplotypes that are "neutral" or "negative" with regard to IDDM susceptibility have aspartic acid at this position; i.e., the DQp-gene may itself be a susceptibility gene. Association of IDDM with a particular allele of DX, the apparently nonexpressed second set of genes in the DQ region, has also been suggested (7).
Assoclatlon of IDDM susceptiblllty wlth more than one HLA gene. Several examples that may represent such associations can be adduced. In DR4+ IDDM patients, DQw3.2 appears to be associated with susceptibility and DQw3.1 with nonsusceptibility, as mentioned above. DR4 can be divided into several subtypes; in the Minnesota diabetic population, one of these subtypes, DR4-Dw4, is postively associated with IDDM in DR4+ patients, whereas another subtype, DR4-Dw14, is not (8, 9) . Because both subtypes are associated with DQw3.2 in normal control and diabetic individuals, two factors, one associated with DQw3.2 and one with DR4-Dw4, may be involved in susceptibility. Similarly, in the case of position 57 on the DQp-chain (6), the alleles that have aspartic acid at this position range from the DQP of DR2-Dwl2, classified as neutral, to the DQp of the strongly negatively associated DR2-Dw2. Other elements, either within DQP or elsewhere in the haplotype, must be involved in determining the behavior of a particular DQP allele with respect to IDDM. In the case of DX, there appear to be associations with certain DQ specificities, particularly with the subsets of DQw3 (7).
Association of IDDM susceptibility with HLA haplotypes. In any discussion of HLA haplotypes, it is important to consider the phenomenon of linkage disequilibrium. This means that particular alleles at two or more linked loci are found together on a single chromosome more frequently than expected based on their frequency in the population; i.e., the distribution of alleles of these loci on the chromosomes of the population is nonrandom. Alleles of several loci over a relatively large stretch of chromosome may be in linkage disequilibrium; e.g., linkage disequilibrium is observed throughout the HLA complex. Especially important for this discussion is the linkage disequilibrium for particular sets of alleles in the region from HLA-B to HLA-DR (Fig. 1) .
Whereas an analysis of the associations of HLA with IDDM is most conveniently conducted at the level of individual specificities, associations of particular HLA haplotypes with IDDM are well documented. Analysis of haplotypes may prove to be crucial to an understanding of the genetics of IDDM, in both its HLA and non-HLA aspects, and to be useful in the study of IDDM immunology.
Many of the associations of IDDM with HLA involve haplotypes. For example, although DR4 is in linkage disequilibrium with different HLA-B alleles, only certain haplotypes are positively associated with IDDM (i.e., are more frequent in IDDM patients than in control subjects.). B15-DR4 is positively associated with IDDM in Caucasian populations, whereas B44-DR4 is not. Both B8-DR3 and B18-DR3 are positively associated with IDDM in Caucasians, whereas B7-DR2 has a low relative risk.
The finding of haplotype associations with IDDM may mean that a positively associated haplotype contains a particular allele of another class I or class II gene that is the important one for susceptibility and is not found in the nonsusceptibility haplotypes; that it contains a particular allele of some other gene (not class I or class II) that is the important one for susceptibility; or that alleles of several HLA genes together determine susceptibility, and all of the requisite alleles are only present on certain haplotypes. Obviously, with the current state of knowledge, no choice can be made among these alternatives, and different haplotypes may belong in different categories.
The haplotypes that are strongly associated with susceptibility or resistance to IDDM in Caucasian populations are also in strong linkage disequilibrium in nondiabetic individuals in these populations. Alleles of two loci may be in linkage disequ~librium for various reasons, and it is extremely difficult to distinguish among these possibilities in human populations. With respect to HLA, several common haplotypes that include a B and a DR allele in significant linkage disequilibrium also include particular complotypes or sets of class Ill alleles ( Fig. I ; 10) . These findings indicate the maintenance in the population of "units" of chromosome including at least the entire region between B and DR ("extended" HLA haplotypes). Significant associations of these extended haplotypes with IDDM have been described (1 1 ). Possible association of alleles at same locus with different pathogenetic processes. DR3 and DR4 are important susceptibility markers in IDDM; among Caucasian patients, 1290% are DR3, DR4, or both. Analyses of relative risk indicate that the DR3/4 heterozygote has a higher relative risk for IDDM than either the DR3/X or the DR4/X phenotypes (12) . These two markers may represent different pathogenetic processes in IDDM (perhaps susceptibility to different initial triggering mechanisms). DR3 and DR4 may also have different associations with other HLA alleles in IDDM. For example, DRI appears to be a secondary-susceptibility haplotype in DR4' but not in DR3' IDDM patients (1, 9) . In the Minnesota study, DR7 (generally considered a resistance haplotype) is reduced in frequency in DR4+ D R 3 IDDM patients but not in the small group of DR3+ D R 4 patients. The differences in behavior of DR3 and DR4 with respect to other alleles may reflect differences in the pathogenetic processes with which they are associated. Possible associations of same allele at given locus with different pathogenetic processes, depending on rest of haplotype. A particular allele at a given locus may be found in more than one haplotype showing linkage disequilibrium. Data relating to certain such haplotypes in IDDM suggest they may indeed be significantly different.
Both the B8-DR3 and B18-DR3 haplotypes are associated with susceptibility to IDDM, but only B8-DR3 is associated with susceptibility to Graves' and celiac diseases, suggesting that either the B8-DR3-associated susceptibility to IDDM and to these other presumed autoimmume diseases are different or the B8-DR3-and B18-DR3-associated susceptibilities to IDDM are different. Data from Minnesota IDDM patients support the latter possibility; of the two DR4-carrying haplotypes positively associated with IDDM in this population, B40-BfS-DR4 tends to be preferentially associated with B8-BfS-DR3 in DR3/4 heterozygotes, whereas B15-BfS-DR4 tends to be preferentially associated with B18-BfF1-DR3 (1 3). Whether B15-BfS-DR4 and B40-BfS-DR4 represent different "forms" of DR4-associated susceptibility is unknown.
The B44-DR4 haplotype is not significantly assoc~ated with susceptibility to IDDM (1 1,13) . However, our recent preliminary data suggest that the IDDM children in families with a non-insulin-dependent diabetic (NIDDM) parent have an increased frequency of the 844 specificity and that in B44+ IDDM children with an NIDDM parent, the B44-DR4 haplotype is common, whereas in 844' IDDM children with an IDDM parent, this haplotype is infrequent. In the Minnesota IDDM study, patients carrying B44-DR4 tend to have DRw6 on the second haplotype more frequently than patients carrying other DR4+ haplotypes. Further investigations should determine whether the B44-DR4 haplotype is indeed a marker for a distinct subset of IDDM and in what respect it is different from B15-DR4 and B40-DR4. Haplotypes and heterogeneity in IDDM. Data on IDDM in monozygotic twins and in HLA-identical siblings demonstrate that environmental and possibly non-HLA-linked genetic factors play a significant role in the development of the disease. If the various associations of HLA with IDDM reflect two (or more) pathogenetic mechanisms, different environmental or non-HLA-linked genetic factors might be relevant to each mechanism, and/or each mechanism might have specific clinical features. Attempts to demonstrate associations of HLA specifcities with parameters such as age of onset, seasonality, disease severity, or islet cell or insulin antibodies have yielded contradictory results, as have attempts to identify specific non-HLA-linked genetic factors.
Haplotype analysis in such studies may help to define associations and give additional clues to pathogenetic mechanisms.
CONCLUSIONS
I have tried to show that the associations of IDDM with HLA are much more complex than those encompassed by the search for the susceptibility factor. More than one locus may be involved, or as yet un~mplicated loci may be important. Interactions between different susceptibility genes or between different sets of susceptibility genes associated with different haplotypes may be specific and related to different pathogenetic mechanisms associated with thegenes or haplotypes. Analysis of the association of HLA haplotypes and IDDM susceptibility should yield new information on both the genetics and pathogenesis of IDDM.
